Since ice-free areas in Antarctica are predicted to increase by up to 25% before the end of this century, lichens such as the genus Placopsis will be important colonizers of these newly available grounds and will still be present in later successional stages of the lichen community. The main symbionts of Placopsis species are examined for 56 specimens collected from the South Shetland Islands, Antarctica using molecular (fungal and algal nrITS, fungal RPB1, algal rbcL sequences) and morphological methods. The specimens were collected from soils with different deglaciation times. Eight uni-algal photobiont cultures were obtained and analysed from two specimens. Placopsis antarctica and P. contortuplicata proved to be monophyletic and are sister species, only the former producing vegetative diaspores (soredia). Both share the same photobiont pool and are lichenized with two closely related species, Stichococcus antarcticus and S. allas. Two haplotypes of S. antarcticus are restricted to areas deglaciated for more than 5000 years and the volcanic Deception Island indicating a shift in the photobionts of Placopsis in the course of the soil and lichen community development. These photobiont haplotypes exhibit different ecological preferences, possibly leading to adaptation of the symbiotic entity to changing environmental conditions.
Introduction
Global climate change is predicted to have a remarked influence on the composition of terrestrial ecosystems (Nolan et al. 2018) , the effects of which are especially pronounced in the maritime Antarctic. It can be assumed that the deglaciated area available for vegetation will profoundly enlarge in the future (Turner et al. 2005; Meredith and King 2005) , despite considerable variability in the temperature between years (Turner et al. 2016; Medhaug et al. 2017) . King George Island has experienced some of the most significant atmospheric temperature rises of the planet with around 3.0°C in the last 60 years, and consequently lost 7% of its ice cover (Simões 2011; Simões et al. 2015) . It has been estimated, that the ice-free area in Antarctica may increase by up to 25% before the end of this century (Lee et al. 2017) .
Among the first colonizers of bare and recently exposed areas are biological soil crusts, composed of lichens, bryophytes and diverse microorganisms (Belnap et al. 2001) . Lichens, for example, cover the largest part of the vegetated area on King George Island (Olech 2004; Poelking et al. 2014) . A recent study on Potter Peninsula, King George Island, found three assemblages of different lichen species communities dependent on deglaciation and other variables, such as the altitude of the sampling points (Rodriguez et al. 2018) . For the Canadian High Arctic, Norway and the European Alps it has also been shown, that species richness and time since deglaciation are positively related and thus richer lichen communities can be found as the terrain ages Andreas Beck and Julia Bechteler contributed equally to this work.
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The online version of this article (https://doi.org/10.1007/s13199-019-00624-4) contains supplementary material, which is available to authorized users. (Haugland and Beatty 2005; Breen and Lévesque 2008; Nascimbene et al. 2017) . Such ageing goes along with an increased availability of nutrients, e.g. nitrogen and phosphorus (Breen and Lévesque 2008) . In a study on the subantarctic Signy Island, Favero-Longo et al. (2012) reported a rapid colonization of ground recently exposed by snow and ice recession by lichens, while it required several more centuries to evolve into a more mature, high cover community. Interestingly, dispersal does not seem to be limiting in maritime Antarctica, since Bohuslavová et al. (2018) found on James Ross Island that lichen dispersal increased along the succession gradient after the current glacial retreat, but the dispersed lichens had only a small relationship to the species assemblage on the site. Especially in the early successional stages, nitrogen input by cyanobacteria contribute to the biogeochemical cycle of this element which is critical for the formation of vegetation on newly exposed, nutrient-poor soils (Schmidt et al. 2008) . Several studies have already dealt with the diversity of cyanobacteria occurring free-living or as lichen symbionts in such recently exposed habitats (Wirtz et al. 2003; Raggio et al. 2012; Pessi et al. 2018) , but investigations on the green-algal symbionts of lichens within these communities at different successional stages are lacking.
Lichens are poikilohydric life forms and particularly well-adapted to withstand environmental conditions adverse to many other organisms. Consequently, terrestrial ecosystems of the Antarctic are largely dominated by lichens with more than 400 described species, while only two native vascular plants and fewer than 150 bryophyte species have been recorded (Øvstedal and Lewis-Smith 2001) . Baseline data are therefore particularly important to monitor changes over time. A low degree of endemism in Antarctic lichens (Hertel 1988; Sancho et al. 1999 ) can be interpreted as evidence against the glacial survival of many species. Consequently, new colonization events are the most likely start of lichen settlements.
Among the first lichens colonizing rocks or stony ground, very often on solifluction slopes, are species of the genus Placopsis (Raggio et al. 2012; de los Ríos et al. 2011) . Placopsis is a cosmopolitan genus of crustose lichens with about 60 species, the highest species diversity occurring in the southern hemisphere (Lamb 1947; Galloway et al. 2005) . Four species are known from Antarctica and South Georgia, namely P. antarctica D.J. Galloway, R.I.L. Sm. & Quilhot, P. bicolor (Tuck.) de Lesd., P. contortuplicata I.M. Lamb and P. pycnotheca I.M. Lamb (Galloway et al. 2005) . Only two of these, P. antarctica and P. contortuplicata, occur on the South Shetland Islands (Olech 2004; Spielmann and Pereira 2012) . These two differ in their mode of dispersal, with the former producing symbiotic dispersal units containing both partners (soredia), while in the latter both symbionts disperse independently. Both species harbour cyanobacteria of the genus Nostoc in cephalodia (Spielmann and Pereira 2012) which contribute fixed nitrogen to the other lichen symbionts. Wirtz et al. (2003) showed, that one and the same Nostoc strain forms symbioses with both Placopsis species and is also present in other co-occurring lichen species with cyanobacteria as primary or secondary photobionts (Massalongia carnosa, Leptogium puberulum, Psoroma cinnamomeum).
Less is known with respect to the green algal photobionts. While Galloway et al. (2005) indicated the photobiont of Placopsis as Bchlorococcoid^, Spielmann and Pereira (2012) noted that Trebouxia was the associated alga of P. antarctica. Nevertheless, no evidence for this statement was presented by the authors. Trebouxia is likely to be the most frequent lichen alga (Ahmadjian 2001) . For the more extreme areas of continental Antarctica it has already been reported by Romeike et al. (2002) as the photobiont of several Umbilicaria species based on molecular data. Further studies on population structure and potential colonization sources, e.g. for the widespread, bipolar Cetraria aculeata and its Trebouxia photobiont have been undertaken by Fernández-Mendoza et al. (2011) and Domaschke et al. (2012) . Little is known about other lichen photobionts, which may occur in Antarctica; almost all reports referrin g to sy mbio tic al gae o f the Tr eb ou xia cea e (Trebouxiophyceae). Pérez-Ortega et al. (2012) analysed 122 sequences from lichen samples collected in the southern part of the Dry Valleys, Southern Victoria Land, continental Antarctica: 120 of these were associated with a Trebouxia symbiont, while two specimens of Sarcogyne cf. privigna (Ach.) A. Massal. formed a symbiosis with Myrmecia biatorellae J.B. Petersen, which also belongs to Trebouxiaceae. Ruprecht et al. (2012) reported only Trebouxia species as photobionts of lecideoid lichens in different regions of Antarctica. Jones et al. (2013) found exclusively Trebouxia as the photobiont in Buellia and Umbilicaria in the Ross Sea Region. Engelen et al. (2016) analysed 14 lichens collected from various substrata on Coal Nunatak on Alexander Island: All were shown to be associated with Trebouxia s. l. Only the foliose Prasiola crispa (Lightfoot) Kützing (Prasiolaceae, Trebouxiophyceae) has been investigated in some detail, as it is associated with the lichen forming fungus Mastodia tessellata (Hook. f. & Harv.) Hook. f. & Harv. (Pérez-Ortega et al. 2010; Garrido-Benavent et al. 2018) .
The aims of the present study were to (1) investigate the phylogenetic relatedness of Placopsis antarctica and P. contortuplicata specimens from the South Shetland Islands, (2) characterize their green algal photobionts, and (3) explore the hypothesis that the photobiont may reflect the colonization preferences of these lichens and / or successional stages of lichen communities in recently deglaciated areas.
Materials and methods

Taxon sampling
This study is based on specimens collected on the South Shetland Islands, Antarctica: Fildes and Potter Peninsula of King George Island, Ardley Island (close to the southwest end of King George Island), Coppermine Peninsula of Roberts Island, Byers Peninsula of Livingston Island, and four localities on Deception Island (see Fig. 1 ; Table 1 ). Sampling covered different successional stages of lichen communities, from pioneer stages with crustose lichens only (Fig. 2a) to mature lichen communities including the fruticose lichens Himantormia and Usnea (Fig. 2b) . Clearly separated thalli of Placopsis antarctica D. J. Galloway, R. I. L. Sm. & Quilhot (Fig. 2c) and P. contortuplicata I. M. Lamb ( Fig. 2d) have been collected at right angles to inclinations and water run-offs, thus avoiding purely clonal lichen thalli developed as a result of draining water. The collections were identified using standard identification procedures (Øvstedal and LewisSmith 2001; Spielmann and Pereira 2012) , with voucher specimens deposited in the herbarium of Botanische Staatssammlung München (M). Fig. 1 Location of the study area: South Shetland Islands, Antarctica (upper part). Maxwell Bay area (King George Island) is shown in more detail to show the sampling sites (lower part) Table 1 Voucher and culture information, as well as GenBank accession numbers for green algae and lichen mycobionts and photobionts generated newly in this study. Locality abbreviations: Ar = Ardley, By = Byers Peninsula, Co = Coppermine Peninsula, DI = Deception Island, FI = Fildes Peninsula, KGI = King George Island, LI = Livingston Island, Po = Potter Peninsula, RI = Roberts Island; C = Centre, E = East, NE = Northeast, NW = Northwest, S = South, SE = Southeast, SW = Southwest, W = West. Haplotype groups: A, B, C refer to rbcL green algal photobiont haplotypes; H refers to ITS green algal photobiont haplotypes; (*) denotes photobiont haplotype reference sequences used in network analyses Taxa used in this study 
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Photobiont cultures
Photobiont cultures were obtained from two Placopsis specimens (M-0019657 & M-0019660) using the single cell manipulator and cultured on a mineral medium as described by Beck and Koop (2001) . This method allows for unambiguous selection of photobiont cells by selecting cells with a small hyphal fragment attached. Microscopic observations and micrographs were taken on a Zeiss Axioplan microscope equipped with differential interference contrast using an attached Zeiss AxioCam 512 colour camera and processed with the ZEN 2.3 image program (Zeiss, Oberkochen, Germany).
Molecular methods and sequence alignment
To minimize the risk of contamination, only areoles without any visible contamination of aerophytic organisms have been selected and processed further. We did not use surface sterilization, as this method may well kill epiphytic organisms, but does not remove their DNA. Genomic DNA extraction, PCR amplification and sequencing were performed as described in Beck and Mayr (2012) . The nuclear ribosomal internal transcribed spacer region (ITS1-5.8S-ITS2; nrITS) and the DNA-directed RNA polymerase II subunit RPB1 (RPB1) were amplified for Placopsis mycobionts, using the primer pairs ITS1F / ITS4 (White et al. 1990 ) and gRPB1-Af (Stiller and Hall 1997) / fRPB1-Cr (Matheny et al. 2002) , respectively. Green-algal photobiont nrITS and ribulose-1.5-bisphosphate-carboxylase/oxygenase (rbcL) gene using the primer pairs Al1500a2f (newly designed: GCGCGCTA CACTGAYGC) / ITS4 and a-ch-rbcL-203-5'-MPN / a-chrbcL-991-3'-MPN , respectively. Sequences were assembled and aligned in PhyDE v.0.9971 (Müller et al. 2010 sequences in order to check the mycobiont and photobiont affiliation of morphologically determined Placopsis specimens and their green-algal symbionts. Table 1 summarizes GenBank numbers, herbarium, culture and locality information on green algae and lichen mycobionts and photobionts obtained in this study. In total 49 nrITS sequences and 48 RPB1 sequences were generated from the mycobionts, and 59 nrITS sequences and 52 rbcL sequences from the photobionts. For the mycobionts, in a first step, all available Placopsis nrITS and RPB1 sequences were downloaded from GenBank (http://www.ncbi.nlm.nih.gov/genbank/; see Table S1 ) and aligned with the newly obtained sequences. According to phylogenetic analyses with this dataset (not shown here), and phylogenetic hypotheses shown in Schmitt et al. (2003) , the highly supported monophyletic group of Placopsis macrophthalma and Orceolina kerguelensis was chosen as outgroup for the final dataset. Ambiguous positions in the alignment were excluded from analyses. The final alignment consisted of 1313 base pairs (bp).
To place newly generated Placopsis green-algal photobiont sequences into context, our dataset was extended with further Stichococcus and Diplosphaera sequences. Two datasets were compiled: dataset 1 comprised all green-algal specimens listed in Table 1 and Supporting Information Table S1 using the nrITS2 region, since the whole nrITS, as well as rbcL were missing for most of the specimens from GenBank. As the ITS2 fragment is too short to result in well supported phylogenies, this analysis mainly aims at supporting species identity. Ambiguous positions were excluded for analyses and resulted in a nrITS2 alignment with 170 bp; dataset 2 consisted of all available Stichococcus antarcticus and Stichococcus allas sequences using whole sequence stretches of the nrITS region (626 bp) and the rbcL gene (799 bp). Sequence alignments are available from PANGAEA (doi:https://doi.org/10.1594/ PANGAEA.895897).
Phylogenetic analyses
To check for incongruences among the single marker datasets, Maximum Likelihood (ML) analyses in RAxML 8.2.4 (Stamatakis et al. 2008; Stamatakis 2014 ) using the rapid bootstrap option in combination with 100 bootstrap replicates with a thorough ML search were employed. JModelTest 2 (Darriba et al. 2012 ) was used to determine the best-fit nucleotide substitution model under the Akaike Information Criterion (AIC; Akaike 1973). This resulted, for the mycobiont dataset, in a TrN + G model for nrITS and a TPM1 model for RPB1. For the photobiont dataset 1 a TVM + G model for nrITS2, and for the photobiont dataset 2 a TPM3uf + I model for nrITS and a TrN model for rbcL, were suggested. Since these models were not available in RAxML, the best fitting over-parameterized model GTR + G was used (Stamatakis 2016) . Bootstrap percentage values (BS) ≥ 70% were regarded as good support (Hillis and Bull 1993) . The datasets were inspected by eye, and since no incongruences were detected, the single marker datasets were combined separately for the mycobionts and photobionts as described above.
For all three datasets, 10 independent, thorough ML searches in combination with the autoMRE bootstopping criterion (Pattengale et al. 2010) were employed using RAxML 8.2.9 (Stamatakis 2014) on the CIPRES Science Gateway (Miller et al. 2010) . A partitioning scheme by molecular marker and the same nucleotide substitution model as described above were implemented. Bayesian inference (BI) was undertaken in MrBayes 3.2.6 (Ronquist and Huelsenbeck 2003) on the CIPRES Science Gateway (Miller et al. 2010) . The same partitioning scheme and nucleotide substitution model were used as for the ML analyses. Two metropolis-coupled Markov chain Monte Carlo (MCMC) analyses, including three heated chains and one cold chain were run for 10 million generations with sampling every 1000 generations for the mycobiont-and photobiont dataset 2, and for 30 million generations, sampling every 3000 generations for the photobiont dataset 1. Convergence and stationarity of the runs were checked in TRACER 1.6 (http://tree.bio.ed.ac.uk/software/tracer/) and an average standard deviation (SD) of split frequency below 0.01 indicated a sufficiently long run. After discarding the first 25% as burn-in, the remaining trees were summarized by TreeAnnotator 1.8.2 (Drummond et al. 2012 ) using median node heights. The resulting maximum clade credibility tree (MCC) was visualized in FigTree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). Bayesian posterior probability (BPP) values ≥0.95 were regarded as good support (Larget and Simon 1999) .
In addition, all three datasets were analyzed in the program SATé-II (Liu et al. 2012) , which automatically builds an alignment and thereafter estimates the phylogeny for a given dataset. Full sequence stretches, without any exclusion prior to the analyses, were used and alignment files separated by marker were built with MAFFT 6.717. ML phylogeny estimation was undertaken with FastTree 2.1.4 using the BII-MLô ption running for 100 iterations. Both MAFFT and FastTree were implemented in SATé. FastTree uses the ShimodairaHasegawa (SH) test to compute support values. SH-values ≥0.70 were regarded as good support (Zahradníková et al. 2018 ).
Chimera testing
Placopsis contortuplicata sequence DQ534479 was checked for being potentially chimeric using the UCHIME2 algorithm (Edgar 2016) in USEARCH v9.1 (Edgar 2010) . The Buchime2_ref^command was executed in combination with a reference dataset consisting of P. contortuplicata and P. antarctica sequences and all available B-mode^options.
Genetic distances of Placopsis photobionts
Pairwise distances were calculated separately for whole sequence stretches of nrITS and rbcL under the Kimura 2-parameter model in PAUP 4.0 (Swofford 2002) . S. allas was represented by two sequences in both nrITS and rbcl, and S. antarcticus was represented by 56 nrITS and 50 rbcL sequences.
Photobiont network analyses
Haplotype networks for Placopsis green-algal photobionts were calculated with TCS 1.21 (Clement et al. 2000) using the aligned dataset 2. RbcL and nrITS were analyzed separated and concatenated. Gaps were treated as fifth character state and the connection limit was set to a 97% parsimony probability criterion. Before running the analyses, sequences were manually grouped together according to sequence similarity and one reference sequence for each group was selected according to sequence completeness (Table S1 ). This approach minimized the incorporation of missing and ambiguous characters in the analyses, which could cause problems (Posada 2005 : TCS 1.21 manual). For some of these groups, reference sequences without missing or ambiguous data could not be found and hence missing data were coded as B?2
.8 Correlation test of photobiont haplotypes with geographic sites
A chi-square test was performed to test for a possible correlation of Placopsis photobiont haplotypes and their occurrence at sites with different deglaciation times (Table S2) . Estimates of deglaciation times were taken from the literature (Mäusbacher 1991; Hjört et al. 1998; Seong et al. 2009; Mink et al. 2014; Boy et al. 2016; Oliva et al. 2016 ) and categorized in groups (being ice-free for more or less than 5000 years) and the Stichococcus antarcticus haplotypes H4 to H7 occurring at these sites indicated (Table 1) . Null hypothesis was a uniform distribution independent of deglaciation time. Samples from Deception Island were excluded from this analysis because, due to the active volcanism there, the environmental conditions differ considerably from those of the other islands (e.g. higher mean temperature, eruptions with likely devastating effects) and the specimens consequently belong to a different basic population.
Results
Placopsis mycobiont phylogeny
For both species, P. contortuplicata and P. antarctica, no genetic variation was found in RPB1, except one ambiguity in one P. contortuplicata specimen, and almost no variation in their nrITS sequences. As shown in Fig. 3 , P. contortuplicata and P. antarctica specimens were resolved as monophyletic (BPP = 0.69) with high support in the ML and SATé analyses ( B S = 9 2 , S H = 0 . 9 2 ) a n d w e r e p l a c e d s i s t e r t o P. rhodophthalma (BS = 58, BPP = 0.79, SH = 0.91). Newly sampled P. contortuplicata were nested together with other P. contortuplicata specimens from Antarctica with good support (BS = 89, SH = 0.91). P. contortuplicata specimen DQ534479 was placed sister to the rest of P. contortuplicata specimens (BS = 29) in the ML run; was nested within P. contortuplicata in the BI analysis; and was nested within P. antarctica in the SATé run. UCHIME2 analyses revealed this sequence as not being chimeric. All P. antarctica specimens were resolved as monophyletic (BS = 59, SH = 0.76). The phylogenetic structure of P. contortuplicata and P. antarctica in the BI analysis was statistically unresolved.
Placopsis green-algal photobiont cultures
Photobiont isolates were characterized morphologically and were in accordance with the appearance in squash preparations (elongated cells with parietal chloroplast). Stichococcus could thus be established as the photobiont of P. contortuplicata and P. antarctica. The isolates resembled Stichococcus allas Reisigl ( Fig. 2f ; authentic culture in the Culture Collection of Algae at the Botanical Institute, Innsbruck, Austria (ASIB): IB 37), which was consequently included in the further analysis, but exhibited a higher length to width ratio than S. allas. Together with the genetic differences (see below), it is consequently described as species new to science.
Stichococcus antarcticus A. Beck & Bechteler spec. nov. (Fig. 2e) .
Description: Cells forming short, easily breaking filaments of up to 10 cells, 1,5-3 × 3,5-18 μm in size, often bent. The chloroplast is located close to the cell wall (parietal), without a visible pyrenoid. Especially the older cells are frequently sigmoid. Differing from S. allas by the higher length : width ratio up to 6 (for S. allas only up to 4). For a photographic image refer to Fig. 2e .
Diagnostic ribosomal DNA sequences of strain AB15.001B5: ITS: GenBank Acc. No. MH670339. Holotype Specimen of Placopsis contortuplicata, with which it lives in symbiosis, M-0019657, from which the algal culture AB15.001B5 was obtained.
Authentic strain AB15.001B5 = Sammlung für Algenkulturen Göttingen (SAG) 2588.
Ecology Green algal photobiont of Placopsis antarctica and P. contortuplicata on the South Shetland Islands, Antarctica.
Etymology The specific epithet (antarcticus) refers to the known distributional range of the species.
Type locality Antarctica: South Shetland Islands, King George Island, Fildes Peninsula, Meseta La Cruz, Punta Half, from SE facing sea-cliff. 62°12.360' S, 58°57.239' W; 49 m asl. Leg. A. Beck, 09. Jan. 2015 (MCRU 15/01cII; M-0019657).
Placopsis green-algal photobiont phylogeny
Stichococcus antarcticus was found to be the symbiont of seven Placopsis contortuplicata and 44 P. antarctica specimens (Fig. 4a, b) . One P. antarctica specimen was associated with Stichococcus allas. Stichococcus antarcticus and S. allas accessions were nested together and resolved monophyletic (BS = 92, BPP = 1.00, SH = 0.95) in dataset 1. In dataset 2, a culture from S. allas was monophyletically grouped together with another S. allas lichenized with P. antarctica from Deception Island. S. antarcticus formed two main clades (clade 1: BS = 71, BPP = 0.82, SH = 0.46; clade 2: BS = 68, BPP = 0.99, SH = 0.81), both monophyletic in a sister relationship to the S. allas sequences and a Chlorophyta accession from the glacier forefield from the Swiss Alps (BS = 85, BPP = 0.90, SH = 0.91). S. antarcticus clade 1 (BS = 71, BPP = 0.82, SH = 0.46) comprised nine accessions from Deception Island, eight from King George Island, four from Livingston Island and two from Robert Island. P. contortuplicata from Livingston Island was the lichen fungus of one S. antarcticus specimen nested within this clade, while P. antarctica was the host of the remaining Stichococcus sequences found here. In clade 2 (BS = 68, BPP = 0.99, SH = 0.81), 33 accessions of S. antarcticus (including nine cultures) were from King George Island and four accessions from Livingston Island. P. contortuplicata was the lichen fungus of seven S. antarcticus samples of this clade, one of them from Livingston Island.
Genetic distances of Placopsis photobionts
For the two S. allas nrITS sequences, the intraspecific pairwise distance was 0.0016, and for the 50 S. antarcticus sequences the average value of intraspecific distance was 0.0014. The average of the interspecific distances between S. allas and S. antarcticus nrITS sequences was calculated to 0.025. The pairwise distance of rbcL sequences of S. allas was 0.0, and the average of the intraspecific distance of S. antarcticus sequences was 0.0019. The average of the pairwise interspecific distances of S. allas and S. antarcticus rbcL sequences was calculated to 0.012. Details can be found in Table S3 .
Photobionts -haplotype networks
Sequences of photobiont dataset 2 could manually be arranged into 11 groups according to sequence similarity. Reference sequences of these groups were assigned in TCS to five haplotypes for rbcL, seven haplotypes for nrITS, and eight haplotypes for the combined rbcL and nrITS dataset. The analysis with rbcL connected all haplotypes into one single network (Fig. S2) . Using nrITS resulted in three networks (Fig. 5) . All S. antarcticus sequences formed one network comprising four haplotypes. A Stichococcus allas sequence from Antarctica was connected to a sequence from a cultured S. allas specimen from Austria, and a Chlorophyta sequence from Switzerland (JX435329) was left unconnected to the other haplotypes. The result of the combined marker dataset (Fig. S3 ) was similar to the patterns found for nrITS, with the exception of the analysis differentiating one more haplotype within the S. antarcticus network. 
Photobionts -haplotype distribution
Mapping the occurrence of the different haplotypes of Stichococcus antarcticus shows that haplotypes H6 and H7 are restricted to areas of longer deglaciation, while H4 and H5 are predominant in areas which are only recently free of ice (Fig. 6) . The latter often co-occur with the first haplotypes, except for Roberts Island and Deception Island, where only the S. antarcticus genotypes H6 and H7 have been found. A significant correlation of b Fig. 4 (continued) S. antarcticus haplotypes and deglaciation age of sampling sites was revealed by a chi-square test with the four haplotypes treated separately (p value below 0.05). With haplotypes combined (H4&H5, H6&H7), which is to be preferred due to rare occurrence of haplotypes H5 and H7, the test indicated a highly significant correlation (p value below 0.01; Table S2 ).
Discussion
Correlation between different levels of soil development and genotypes of S. antarcticus
The distribution pattern of the genotypes within Sichococcus antarcticus correlated with different levels of soil development (Fig. 6; Table S2; Mäusbacher 1991; Michel et al. 2014; Mink et al. 2014) . This is most notable on Fildes Peninsula, King George Island (KGI) where the haplotypes H6 and H7 are restricted to the southern part and Green Point, which have been ice-free for a longer time (Michel et al. 2014; Boy et al. 2016 ). Both of these locations exhibit mature lichen communities including the fruticose lichens Himantormia and Usnea (Fig. 2b) . By contrast, recently ice-free localities (e.g. in the North-West of Fildes Penisnula, Fig. 2a) , characterized by merely crustose lichens, contain haplotypes H4 and H5 only. The southern part and the margins of Fildes Peninsula were estimated to be ice-free for more than 5000 years (Mäusbacher 1991) . The same pattern is true for Byers Peninsula, Livingston Island (LI), where the haplotypes H6 and H7 are restricted to the longer ice-free western part of the peninsula (Mink et al. 2014; Ó Cofaigh et al. 2014 ) and the Clark Nunatak. Favero-Longo et al. (2012) estimated that c. 200 years are required between early colonization and the climax of Andreaea-Usnea communities on the dry and exposed rocky habitats of Signy Island, while the final stages of primary succession are suggested to exceed 1000 years as in the high Arctic (Tishkov 1986 ). This correlates well with the estimates of soil ages (100 to 5000 years) at Fildes Peninsula (Boy et al. 2016) . It should be mentioned, that this correlation does not assign a direct cause of the different surface ages. Further studies are needed to sort out the influence of connected variables (as slight differences in temperature, proximity to the coast, influence of snow cover, etc.). Secondary succession is important in environments which are periodically disturbed by water erosion, e.g. due to water run-offs because of melt water. Thus, succession occurs over and over again and slows down the development of communities from pioneer to further developed stages (Pushkareva et al. 2015 (Pushkareva et al. , 2017 . Other factors causing secondary succession are snow kill events leading to lichen die off as the snow may reduce photosynthesis more than respiration leading to a negative energy balance. Such events have been demonstrated for other crustose lichens as Rhizocarpon geographicum (L.) DC. (Armstrong 2011) . The observed photobiont haplotypes may exhibit different ecological optima, leading to adaptation of the symbiotic entity to changing environmental conditions. This result fits well with population genetic theory that older (refugial) populations are genetically more diverse than recently colonized ones (e.g. Soler-Membrives et al. 2017) , but also into the emerging picture of environmental factors being mirrored in (Beck 2002; Casano et al. 2011; Peksa and Škaloud 2011; Leavitt et al. 2015; Muggia et al. 2018) . Our study provides the first report on ecological differentiation of lichen photobionts in the genus Stichococcus. This is exceptional because the available data so far pointed mostly to a very low mycobiont selectivity in Antarctica, resulting in lichens with widely distributed photobiont species (e.g. Romeike et al. 2002; Wirtz et al. 2003; Ruprecht et al. 2012; Pérez-Ortega et al. 2012; Engelen et al. 2016) . This low selectivity is believed to be advantageous in the harsh Antarctic climate. However, founder effects may also lead to a reduced photobiont diversity in Antarctica (Fernández-Mendoza et al. 2011; Domaschke et al. 2012 ).
On Deception Island only S. allas and the S. antarcticus haplotypes H6 and H7 (restricted to the longer ice-free areas on KGI and LI) were found. This island is warmer than the other South Shetland Islands, which is exceptional in having an incomplete mountainous ring c. 15 km in diameter enclosing a flooded caldera (Port Foster) formed c. 10,000 years ago (Olsacher 1956 ) and subjected to volcanic events which took place in 1842 , 1967 , 1969 and 1970 (Fourcade 1972 . Today geothermal activity, thermal springs and fumaroles reflect volcanic activity. Four localities have been analysed on Deception Island: site SE is located on the Foster Formation, where topography has not been modified by eruptions since the Holocene period (Birkenmajer 1992), the SW site belongs to the Casco and Kirkwood Formations, and were last altered by eruptions in 1842, and two coastal sites still subjected to volcanic activity at Fumarole Bay (NW) and at Pendulum Cove (NE) (López Martínez and Serrano 2002). Fermani et al. (2007) investigated the free-living algae at 18 sites on Deception Island, including the four sites analysed for Placopsis in this study. A total of 140 free-living algal species were reported, only 26 of them belonged to the Chlorophyta (18.6%), which were present in very low abundances, and Sticococcus bacillaris Nägeli as the only free-living member of this genus. Thus S. antarcticus and S. allas were not found outside the lichen symbiosis on Deception Island.
Stichococcus as lichen photobiont and free-living in Antarctica
Both Placopsis antarctica and P. contortuplicata on the South Shetland Islands, are lichenized with the green algal genus Stichococcus. This finding is supported by evidence from squash preparations of areola, photobiont cultures obtained by selecting photobiont cells (with small hyphal fragments still attached) selected under an inverted, compound microscope and sequencing results. It is thus unlikely caused by a contamination problem. This abundant aerophytic genus has with a filled circle correspond to haplotypes H6 and H7. Localities deglaciated for more than 5000 years are indicated with a square symbol, those deglaciated more recently are shown with a circle. Localities on the volcanic Deception Island are shown by a diamond only rarely been reported as a lichen symbiont, e.g. from the genus Chaenotheca and the family Verrucariaceae (Tibell 2001; Thüs et al. 2011) . Neither S. allas, nor S. antarcticus have been reported as photobionts before. More commonly, members of this green algal genus occur free-living in diverse terrestrial and freshwater habitats worldwide -ranging from polar to tropical regions (Neustupa et al. 2007; Rindi et al. 2010; Ettl and Gärtner 2014; Hodač et al. 2016 ). This extremely wide geographical distribution is facilitated by marked ecological adaptation (Kvíderová and Lukavský 2005) . It is interesting to note, that the most common photobiont of both Placopsis species has not yet been found free-living in Antarctica, nor the Arctic, using molecular methods, despite several investigations of that kind (De Wever et al. 2009; Hodač et al. 2016; Rippin et al. 2018) . However, two Stichococcus-like green algae have been encountered in Antarctica, but these strains have not been determined in more detail (De Wever et al. 2009 : strain closely related to Stichococcus bacillaris and S. chodati; Khan et al. 2011 : strain with c. 77% similarity to S. mirabilis). Nevertheless, morphologically there is a report of the close relative S. allas, which has been described growing on soil in Austria and found here as photobiont in one Placopsis antarctica specimen on Deception Island, is free-living on Fildes Peninsula, Ardley Island (Borchhardt et al. 2017) and Livingston Island (Zidarova 2008) . Further studies are needed to clarify the possibility that S. antarcticus, the commonest photobiont of the two lichen species investigated here, is also able to occur free-living in Antarctica.
Close genetic relatedness of symbiotic, Antarctic and free-living, alpine Stichococcus
The most similar sequence available in GenBank, as compared to the Stichococcus photobiont sequences generated in this study, was obtained from soil of a glacier forefield in the Alps of Switzerland (Frey et al . 2013) . Unfortunately, no morphological information is available for this alga, but given the differences between the sequences it most likely belongs to a related but different species of Stichococcus. Interestingly, the abovementioned S. allas photobiont from Deception Island is closely related to the authentic strain of S. allas from the Austrian Alps. Despite the enormous distance between the Antarctic and the Alps, related haplotypes of the same Stichococcus species can be found at both sites. It is possible that Stichococcus cells are transported by wind currents due to their small size (5-18 μm) which is also reflected in their close relationship to airborne algae (Roy-Ocotla and Carrera 1993; Rindi et al. 2010) , even so crossing the westerlies around Antarctica seems difficult. Nevertheless, their habitats of bare and recently deglaciated areas are very similar.
Placopsis antarctica and P. contortuplicata are distinct species
Placopsis antarctica and P. contortuplicata were shown to be sister to each other, and are clearly separable by both morphological and molecular means. This supports the presence of prominent, laminal dactyls, eroding with time and becoming sorediate, as a valid morphological character to differentiate these taxa. The only sequence in GenBank belonging to P. antarctica (AY212822) was deposited under P. parellina (Nyl.) I.M. Lamb, which was used in a wider sense in the time of sequence deposition and P. antarctica was not yet described. Only very young thalli cannot be determined with confidence morphologically, as the differentiating laminal dactyls are not yet present. Molecular data are indispensable here. No influence of the dispersal mode (predominantly asexual for P. antarctica, predominantly sexual for P. contortuplicata) on photobiont choice could be observed. Both species share the same photobiont pool ( Fig. 4b ; PA: P. antarctica; PC: P. contortuplicata).
